Abstract Proteins are subject to a variety of stresses in biological organisms, including pressure and temperature, which are the easiest stresses to simulate by molecular dynamics. We discuss the effect of pressure and thermal stress on very-fast-folding model proteins, whose in vitro folding can be fully simulated on computers and compared with experiments. We then discuss experiments that can be used to subject proteins to low-and high-temperature unfolding, as well as low-and high-pressure unfolding. Pressure and temperature are prototypical perturbations that illustrate how close many proteins are to instability, a property that cells can exploit to control protein function. We conclude by reviewing some recent in-cell experiments, and progress being made in simulating and measuring protein stability and function inside live cells.
Introduction
Proteins are important biomolecules present in all life forms, where they perform vital cellular functions. Many proteins fold into compact structures that are, however, filled with voids of various sizes [1] [2] [3] . Other proteins have more disordered native states and fold only when they bind [4] . Within cells, membranes or extracellular spaces, proteins are constantly subject to changing solvation environments, external stresses, and crowding by other biomolecules. For example, the pH of the lysosome is about 2 units lower than in the cytosol. Temperature varies, sometimes by small amounts (e.g. in mammalian cells with heat regulation), sometimes by large amounts (e.g. insects cycling from hot to sub-freezing temperatures [5] ). Some animal's proteins are subject to large pressure differentials, such as whales diving to pressures of 100s of atmospheres [6] ). Some proteins are subject to both compression and tension, such as titin, a gigantic protein responsible for the elasticity of muscles [7] . Organisms have adapted to extreme conditions of temperature or pressure, such as bacteria in the gabbroic layer of the Earth's crust [8] , or fish at the oceanic depth limit of ca. -8500 m, below which osmolytes no longer keep critical proteins stable [9] .
When subject to such stresses, proteins display a wide range of stabilities. Some proteins are extremely stable and degrade very slowly, including several proteins in the blood plasma [10] . Others occur in small copy numbers and are easily degraded as part of cellular control [11] . Many enzymes must be quite flexible to adapt to substrates by induced fit or conformational selection, and the price paid off is low stability.
Is it just a price paid, or could cells benefit from marginal stability of some proteins? Cells have a number of ways to regulate function. For example, transcription can be regulated so a protein is not even made. The messenger RNA can be manipulated to avoid its translation on the ribosome. Post-translational modification, such as glycosylation, dramatically alters function in many cases. Subsequent to all of these controls, marginal stability offers the cell another handle on protein regulation. Subjecting a marginally stable protein to stress, either external or due to interactions within the crowded cell, could affect its function. Such 'post-post-translational' regulation could control protein function throughout a protein's life cycle [12] . Much is already known about how specific binding regulates protein function, but little is known about how weaker transient interactions and small external stresses control the cell's proteome. McConkey termed transient but functional association of proteins with other biomolecules 'quinary structure' [13] . Macromolecular crowding, quinary interactions, and applied stresses from the environment are all candidates for more subtle regulation of proteins.
A few examples are already known. The protein lymphotactin exists as a GPCR agonist in a pure beta sheet form above 37°C, and as a GAG-binding protein in a betaalpha structure below 37°C. A small switch of temperature changes the structure and function of this protein, which metamorphoses between two folds [14] . Another example is RfaH shown in Fig. 1 , which switches between a helix bundle and beta sheet domain depending on how it is crowded by a neighboring domain. In one structure, it is a transcription factor, in the other, a translation factor [15] . Many more such multi-tasking proteins undoubtedly exist.
In this review, we discuss in detail how proteins undergo sometimes surprising conformational transitions (foldingunfolding) under external stress. We illustrate the idea with two simple variables, temperature and pressure, and consider four cases: what happens at high/low pressure, and at high/low temperature. We will see that the observed behaviors are universal: almost every protein will show these based on the underlying physical properties of proteins, although far fewer proteins will show the transitions near physiological conditions, where cells can utilize them to control their proteome. Thus, the physical chemistry of protein folding has interesting responses to external stresses 'built in', and some proteins have evolved to use these responses under physiological conditions. In addition, the response of proteins to stress has been hijacked by researchers who study the folding of small proteins. Fastfolding small proteins have turned out to be very useful for comparing computer simulations directly with experiments [16] , and we discuss a few such examples as we look at proteins under stress. The review concludes by returning to the point we raised at the outset: Is protein folding sufficiently sensitive to the cellular environment and to external stresses for it to make a difference in vivo?
Proteins: temperature and pressure effects Protein stability is highly sensitive to temperature and pressure stresses. We all know that proteins unfold at high temperature, and will aggregate when kept at high concentration or at high temperature. The albumin in hardboiled egg white is a good example. The process is often reversible-indeed even egg whites have been 'unboiled' [17] . Figure 2 shows the phase diagram for protein folding as a function of temperature and pressure. Many experiments over the years have shown that proteins are stable in an elliptical-shaped 'sweet spot': not too hot or too cold, not too much pressure or too much tension [18] .
Heat unfolding is easily rationalized: higher polypeptide chain disorder is favored at high temperature. Both the protein chain and solvent water molecules can move around more when the polypeptide chain is unfolded at high temperature.
Proteins also unfold at low temperature. This more mysterious process would be somewhat like ice turning back into water when cooled down even more. That of course would violate the second law of thermodynamics. Somehow, the entropy of the protein ? solvent system must decrease as energy is removed from the system and the temperature is lowered. So why does the polypeptide Fig. 1 Segment of the protein RfaH C-terminal domain. The segment completely changes secondary structure depending on whether it is separated from the adjacent domain, or crowded by it. Its function switches from transcription to translation factor Fig. 2 The phase diagram of proteins as a function of temperature and pressure. Proteins are folded within the ellipse, where the four different proteins discussed in ''What can we learn from fast protein folding?'' are shown in their folded state. Proteins become unfolded outside of the ellipse. At the boundary of the ellipse, the free energy of the folded state is the same as of the unfolded state (DG = 0). Four stresses are shown: applying high pressure, applying tension (negative pressure), raising the temperature, and lowering the temperature. All four of these stresses cause proteins to unfold chain unfold at low temperature? The widely accepted answer [19] is that water molecules can form cages around exposed amino acid side chains of the unfolded protein, actually increasing the order of the combined protein ? solvent system even though the disorder of the protein chain increases. The full answer is of course subtler. There are also enthalpic contributions to the lowtemperature unfolding of proteins. These contributions happen to be small near around room temperature, but they become more substantial at higher temperature [20] .
High-pressure unfolding of proteins is equally puzzling at a first glance. We tend to think of proteins as larger once they unfold, but Le Châtelier's principle states the system should go to a smaller volume when pressure is increased. That is what actually happens [21] : unfolded proteins have a smaller molar volume than folded proteins. The key are the 'voids' alluded to in the introduction. Folded proteins are full of various-sized voids because 'only' 20 amino acid shapes are available for packing, and because of structural constraints imposed by the polypeptide chain. Even when optimally packed, proteins are actually 2.7 dimensional fractals [3] . When a protein unfolds, its voids become occupied by water molecules. Even though the unfolded chain looks larger, it displaces less solvent volume than the folded protein.
Strangest perhaps is protein unfolding under tension, as shown at the bottom of the ellipse in Fig. 2 . Hydrostatic tension is just negative pressure: force is exerted to expand a liquid (negative pressure), instead of compressing the liquid (positive pressure). How this is done experimentally is explained in ''Methods for protein folding dynamics using pressure and temperature''. When water is put under tension, it transfers some of that force to any proteins dissolved in it. The adhesion of a protein's surface to surrounding water molecules literally pulls on the protein in all directions, making it less stable [22] . This is not to be confused with force pulling experiments, where the force is exerted vectorially instead of hydrostatically, by hooking up the protein to a surface at one end, and an AFM tip at the other end [23] .
In ''What can we learn from fast protein folding?'', we will look at fast folding and stability of four model proteins subject to those four stresses: heat unfolding, cold unfolding, pressure unfolding and tension unfolding. The phase diagram in Fig. 2 turns out to be very useful for experimental and computational studies: many small, fastfolding proteins have a phase diagram very similar to the one in Fig. 2 . It is relatively easy both on the computer and in the test tube to apply high/low temperature/pressure stresses, to see how proteins fold or unfold in response to the stress. Indeed, proteins can now be completely folded into native structures by computer simulations when such stresses are removed [24] , and such simulation compare fairly well with experimental data, or even predict how experiments are affected by mutations [16, 25] .
The sensitivity of proteins to weak stress conditions is a consequence of evolution for function. For substrates to diffuse into enzymes, for signaling proteins too efficiently 'induce fit' onto their binding partners, and many other such processes, proteins must be quite flexible. To create flexibility, voids can be a good thing, and easy unfolding upon pressure or temperature stress is the flip side of flexibility and functional dynamics of the protein structure [3] . Pressure, temperature, and many other cellular stresses from low pH to interaction with other biomacromolecules can thus in principle control protein structure and function, as mentioned before in the introduction. The crowding in cells and weak biomolecular interactions can have big effects: for example they can lead to phase separation into a protein-rich and protein-deficient phase. The result is membrane-free 'micro-organelles' that behave differently from the surrounding cytoplasm and have been reported to be seen both in vitro and in vivo studies [26, 27] . They are seen in P granules in the germline cells, where the phase separation is driven by RNA-protein binding [28, 29] .
Methods for protein folding dynamics using pressure and temperature
Experimental techniques used to study fast protein folding or unfolding can be broadly categorized into one of four combinations of: single molecule vs. bulk and relaxation vs. equilibrium fluctuation measurements. We discuss these methods briefly and non-technically before going through the four case studies in the next section. The technically inclined reader can find methodology details in refs [30] [31] [32] .
Let us begin with relaxation measurements. In such an experiment, the chemical system is quickly taken out of equilibrium-so fast that the reactants cannot respond. For example, if the pressure or temperature of a protein is jumped in nanoseconds, the polypeptide chain simply cannot fold or unfold that fast. It will relax to the new equilibrium after the jump is complete. This relaxation can be measured by following some spectroscopic variable that is sensitive to folding. Such variables include the infrared absorption of amide linkages in the polypeptide chain (sensitive to secondary structure) [33] , or tryptophan fluorescence intensity (sensitive to quenching in the local tertiary structure environment). Figure 3 illustrates this approach: a cuvette with a protein solution can be jumped up in temperature by a heating laser (red in Fig. 3b ). The jump can be done with nanosecond or even picosecond time resolution [30] . Later, the laser is turned off and the temperature drops back Fast-folding proteins under stress 4275 down; this can be done with millisecond time resolution [34, 35] . A probe laser (blue in Fig. 3b ) monitors the protein by providing a signal that depends on the amount of folded vs. unfolded protein present. The probe signal ( Fig. 3a) does not respond to the temperature jumps instantaneously. It responds at the rate at which the polypeptide chain can diffuse through the solvent and cross the activation barrier. The solid curve is for a slow reaction, the dotted curve is for a faster folding reaction. The reaction can also be more complicated and occur in multiple steps. The same effect can be achieved by jumping pressure instead of temperature (Fig. 3c ). Now consider kinetics measurements at equilibrium instead of by inducing relaxation. At a first glance, it seems contradictory that one should be able to measure kinetics while a system is at equilibrium. However, both single molecule and bulk measurement techniques can achieve this feat. In single-molecule (or few-molecule) measurements, fluctuations give away the kinetics. Lars Onsager proved in 1930s that equilibrium fluctuations contain the same information as relaxation [36] , as long as the system is not jumped too far from equilibrium in the relaxation experiments. Figure 4 illustrates this approach: imagine you have just one protein in equilibrium at a temperature and pressure combination that favors the folded and unfolded states equally. The protein constantly switches back between the folded and unfolded states (Fig. 4 top) . With a sensitive detector that rejects background signals, fluorescence from a single protein molecule can be detected [37] . Let us say the folded state emits more red light, and the unfolded state emits more green light. Then the probe signal will switch between more green light if the protein is unfolded, and more red light if it is folded. Figure 4 (bottom) shows what a time trace might look like. What Onsager proved is: the faster an individual protein molecule switches back and forth in Fig. 4 , the faster the decay from many proteins being observed at once as in Fig. 3 .
The above examples illustrated relaxation kinetics experiments using an ensemble sample, and equilibrium kinetics experiments using a single molecule sample. However, vice versa is also perfectly possible. For example, ensemble protein samples in equilibrium observed by NMR spectroscopy of tyrosine or histidine protons can reveal folding kinetics as well [38] (Fig. 5 ): There are two peaks in the NMR spectrum, one for the tyrosine in the folded proteins, the other for the equivalent tyrosine in the unfolded proteins. Of course these tyrosine's interconvert all the time as proteins fold and unfold, so any individual protein contributes to both peaks at different times. This leads to a broadening of the peaks: the faster the interconversion rate, the broader the peaks. (Eventually, the peak becomes so broad that the two individual peaks can no longer be distinguished, and finally narrow to a single peak in-between the two original peaks. When this happens, NMR can no longer measure the rate because the rate has gotten too fast.) The width of the peaks can be used to measure protein folding on the microsecond time scale. Finally, consider the other vice versa: applying jumps to single-molecule or few-molecule experiments. This has been done and can be used to observe how a sudden change in environment influences the equilibrium of individual molecules [39] .
This brief review of experimental concepts should be sufficient to follow the examples in the next section. The reader interested in technical details should consult the references listed above. Before turning to the case studies, we should also briefly discuss computational methods used to study fast folding.
A general theory for folding based on the concept of the energy landscape exists [40] [41] [42] [43] .The theory posits that proteins have evolved to have a sufficiently low enthalpy in the folded state (due to contacts formed), so that the low enthalpy compensates for the unfavorable loss of disorder (decrease of entropy) as the chain folds. In terms of the free energy change DG = DH -TDS, this means that the lowering of enthalpy (negative DH) compensates the lowering of entropy (positive -TDS), so DG \ 0 and folding is spontaneous. The compensation is not always perfect, so en route to the folded state, a protein can encounter an activation barrier. Sometimes it can be perfect, and then the protein folds downhill without encountering a significant activation barrier (barrier \ 3 kT) [44] [45] [46] [47] .
The theory explains folding in general, and experiments provide specific rates and equilibrium constants, but it would be nice to also have detailed structural insight into the process. X-ray crystallography and structural NMR are just not fast enough to follow fast (microsecond) folding reactions. There are also other problems, such as crystals fracturing when the molecule making up the crystal changes its structure too much (e.g., by unfolding). Molecular dynamics (MD) simulations can be very useful in that case.
In MD simulations, the true force field is replaced by an approximate formula, and Newtonian mechanics are used to solve for the motion of the protein. Thus, both the force and the motion are treated approximately because a rigorous treatment requires quantum mechanics. MD simulations are not accurate under all conditions, but they can provide a nice picture of how protein structure evolves in time, that can then be checked by experiment. Results from such simulations are shown in Fig. 6. In Fig. 6a , the simulated deviation of the protein from the folded structure (RMSD) is shown. When RMSD is small, the protein is folded. When the protein crosses the activation barrier, which happens very rapidly, the trace switches to a large RMSD. This looks very much like the single-molecule trace in Fig. 4 , and indeed, one can think of the MD simulation of one protein as a 'single molecule experiment done on the computer.' Fig. 6b illustrates the free energy DG computed by molecular dynamics for an ensemble of proteins. The free energy landscape is plotted as a function of reaction coordinate RMSD. At very high temperature (above the boiling point of water in this example!), DG has just a single minimum at RMSD & 6 Å , corresponding to an unfolded protein. At low temperature, DG has several minima, including the deepest one at the folded state (RMSD & 0.5 Å ). At even lower temperature (not shown) the folded minimum is much deeper than any of the others, so DG \ 0. Such DG can be measured by bulk thermodynamic or single-molecule experiments. Representative computed structures for the small peptide in question (trpzip2) are also shown in Fig. 6b .
What can we learn from fast protein folding?
In this section, we present four case studies. Each case involves experiments and simulations of a fast-folding protein under stress, covering one of the four unfolding conditions we discussed in ''Proteins: temperature and pressure effects'' and showed in Fig. 2 : high-temperature unfolding, low-temperature unfolding, high-pressure unfolding, and tension unfolding.
''NTL9 (as an example of heat high-temperature unfolding)'' starts off with high-temperature unfolding (the right side of the phase diagram in Fig. 2 ) of a mixed a/b protein NTL9 1-39. Fast laser temperature jumps and twodimensional infrared spectroscopy are combined to yield Fig. 5 Schematic of experimental data from Oas and coworkers [38] showing how folding kinetics can be measured at equilibrium by NMR spectroscopy. The faster interconversion between folded and unfolded protein shown at the top produces 'fat' peaks in the NMR spectrum, the slower interconversion shown at the bottom produces narrower peaks in the NMR spectrum Fast-folding proteins under stress 4277 structural insight. These experiments revealed the presence of multiple pathways of folding even for such a small protein.
''Apomyoglobin (as an example of low-temperature unfolding)'' moves on to low-temperature unfolding of apomyoglobin (left side of the phase diagram in Fig. 2) . Apomyoglobin refolds in a two-step process. ''Functional frustration'' is the underlying reason for the existence of a slow and fast step: The heme group that binds oxygen is absent in apomyoglobin, slowing down the folding of the heme-binding part of the protein. The rest of apomyoglobin folds orders of magnitude faster.
''WW domain (a model for fast refolding after pressure unfolding)'' describes the denaturation of a small b sheet protein (WW Domain) by increasing the pressure (top of the phase diagram in Fig. 2 ). Refolding is initiated by suddenly dropping the pressure back to 1 atmosphere. Simulations confirm that the protein can choose one of two paths on its way to the folded state: either from one pair of strands first, or the other. One of these possibilities is more likely than the other, and folding reactions often have a dominant pathway even when many paths are taken.
Finally, ''Ubiquitin (a model for proteins under tension)'' explains unfolding of ubiquitin under negative pressure, where tension is applied to the protein (bottom of the phase diagram). It was confirmed using proton NMR spectroscopy that indeed ubiquitin becomes less stable under tension. That experiment was the last one to be carried out chronologically on a protein, completing the elliptical phase diagram shown in Fig. 2 . We will start on the right side of the phase diagram in Fig. 2 with high-temperature unfolding. But first, let us consider the biology of our example mini-protein NTL9 .
The ribosome is an important organelle present in all cellular organisms. It is responsible for the synthesis of proteins. This cellular machinery is made up of two subunits, each constituting many RNA and protein molecules. NTL9 1-39 is a small 39 residue mixed a/b protein derived from the N terminal domain of ribosomal protein L9 situated in the large 50S subunit of eukaryotic cells (Fig. 7) . The presence of both alpha/beta secondary structure makes it a good model for formation of major secondary structure in proteins as compared to the other members of fastfolding small proteins which have mostly one type of secondary structure like WW domain (b sheet model), or lambda repressor [49] (a-helical model). The importance of having these miniature proteins is they can still have activity but fold quickly (microseconds) for making comparisons between computational and experimental folding studies. They contain the same motifs commonly found in larger proteins, so we can then use them to understand how larger proteins fold as well.
An interesting aspect of NTL9 in the biological context is its gene expression induced by osmotic stress. A study conducted on variants of Arabidopsis (a commonly used model system plant) reported NTL9 1-39 involvement in leaf senescence by mediating a stress signal. Fig. 6 a Long molecular dynamics trajectory of WW domain fastfolding protein [24] . ''RMSD'' is the average root mean square deviation of alpha carbons in the protein from a folded reference structure. The protein switches between unfolded (large RMSD) and folded (small RMSD) states in a way similar to the single-molecule experiment in Fig. 4 . b The free energy landscape of the peptide trpzip2 at two temperatures. The free energy is plotted as a function of RMSD, which is close to 0 for the folded state, and larger for the unfolded state(s). At a high temperature, the peptide is unfolded; and at a low temperature, the folded peptide (all the way to the left) becomes stable. [48] [51] (Leaf senescence is a process involving moving of metabolites from aging leaves to seeds, the last stage of plant development) [50] .
NTL9 is an independent folding domain. The first thermodynamic analysis of this protein by heat unfolding yielded a surprisingly high melting temperature T m = 65.3 ± 0.8°C [52] for such a small protein. T m is defined as the temperature at which half of the ensemble is in the folded state and other half is in the unfolded state. The unfolding takes place on the millisecond time scale as shown by fluorescence upon rapid mixing of a bulk sample with denaturant (urea). This rapid mixing 'jumps' the ensemble of proteins, which then relaxes to an unfolded state. The study deduced that NTL9 1-39 folds cooperatively and rapidly in a two state fashion into a well-defined native state characteristic of a normal globular protein.
A more recent study of NTL9 1-39 combined temperature jump with two-dimensional infrared spectroscopy (2D IR) as the probe [49] . 2D IR spectroscopy is a powerful technique because it combines the 'fingerprint' information about chemical groups (e.g., the amides between amino acid residues) possible with IR spectroscopy with structural correlation from one part of the protein to another, like 2D NMR spectroscopy. The results obtained from the combined computational and experimental study showed that NTL9 1-39 has a compact native state along with a fastexchanging unfolded state with residual structure. The native state is reached by multiple folding pathways for this protein. The existence of multiple folding pathways (i.e., the flexible order in which subunits can be put together) and residual structure in the unfolded state (which is not just a 'random coil') are themes seen in many such experiments. Usually one pathway tends to be more important than the others, though, even a slightly lower free energy DG will strongly favor the probability of the lower pathway [34] .
What can be learned from the studies conducted on NTL9 ? First, even such small proteins are complicated enough to offer mechanistic discrepancies between simulations and experiments, and are a challenging test of computer simulations. Second, current fast-folding experiments lack the detailed structural resolution of folding pathway(s), and simulations can step into provide such structural information. More often than not, the dynamics turn out to be more complex than one would have suspected based on a few averaged experimental variables.
Apomyoglobin (as an example of low-temperature unfolding)
We now move to the left side of the phase diagram in Fig. 2 : low-temperature (''cold'') unfolding. We illustrate the idea with apomyoglobin after reviewing a little bit of this protein's history and biological properties.
Myoglobin is the first protein whose structure was determined by X-ray crystallography by Kendrew and coworkers in 1958 [53] . Myoglobin is an oxygen-binding protein present mostly in the muscle tissue of vertebrates. It is similar to hemoglobin, which is present in red blood cells. Interestingly, when the myoglobin gene is knocked out of mice, they remain viable because hemoglobin acts as a substitute [54] .
The heme group that carries the oxygen-binding iron is not covalently bound to the protein. Apomyoglobin is a form of myoglobin without the heme group bound to it. Some of the earliest microsecond temperature jump experiments were conducted on apomyoglobin [55] . Figure 8 shows what happens to the folded and unfolded protein population as a function of temperature. The protein is most stable around body temperature, but it unfolds below 0°C and above 60°C. Thus, a temperature jump experiments from -10 to 10°C (starting in super cooled water) causes refolding from 20 to 85 % native protein [56] .The early (*10 ls) stage of collapse into a compact state was revealed when tryptophan was used to monitor folding. Apomyoglobin is very sensitive to lower temperatures even in 3 M glycerol solution, which is usually considered a cryoprotectant (Fig. 8) .
Apomyoglobin is quite different from NTL9: its folding steps are far from two state, being separated by orders of magnitude in time (10 ls-1 s) [57] . The reason is that the heme-binding part of the protein is quite unstable without the heme and folds very slowly, whereas the rest folds very efficiently. A recent study has shown that apomyoglobin can be tweaked to be much more stable and fold much faster overall by filling up its heme pocket with bulky amino acids. This highlights the important point that function of a protein can frustrate its folding [58] . The 'new' apomyoglobin cannot bind heme anymore, but it is even more stable than myoglobin and folds faster. Fig. 8 The thermal unfolding curve of apomyoglobin with (blue curve) and without (black curve) glycerol. Below 0°C the protein unfolds, as well as above 60°C [56] Fast-folding proteins under stress 4279
WW domain (a model for fast refolding after pressure unfolding)
WW domains are a family of fast-folding protein modules with three antiparallel beta sheet structure (Fig. 9c, ' 'F'' state). The name came along due to the presence of two highly conserved tryptophan amino acids in these small 30-40 residue domains. WW is a binding module involved in apoptosis, among other functions. WW domain's binding to a target protein is mediated by recognition of a proline-rich region, which latches onto its loop 1 and hydrophobic pocket to facilitate the binding process. These versatile domains are also involved in transcriptional regulation [59] . Pressure is a thermodynamic variable that can be simulated easily by MD to understand protein folding kinetics. One either shrinks the simulation box, or applies a ''barostat'' on the computer to crank up the pressure. The recent development of a microsecond pressure jump experiment has made it possible to compare experiments with simulations [31, 60] .
The major difference between the two most common thermodynamics perturbations is that pressure is a mild perturbant as compared to temperature. Pressure unfolded proteins tend to have some residual secondary structure which may not be there in the high-temperature counterpart [61, 62] . It is worth noting that in Fig. 2 , the pressure and temperature-unfolded proteins are all in one zone outside the ellipse of folded proteins. There is evidence for some proteins that the zone outside the ellipse is just a single state [63] with gradually changing structure as temperature and pressure are changed. It is not clear at present whether that is true for most or all proteins. Distinct unfolded states with clear transitions between them may actually exist in the zone outside the ellipse.
Fast downward pressure jump experiments were conducted on Fip35, a WW domain engineered to fold fast and derived from human Pin1 WW domain [64] . The protein refolds in two distinct steps, both of which are on the order of several microseconds. To determine the mechanistic details of the process, pressure jump simulations were performed to completely refold the protein following pressure unfolding. The simulations yielded both experimental time scales to near-quantitative accuracy without any adjustments of force field parameters [60] . While this may be unusually lucky, it shows that MD simulations can capture even fine details of the folding mechanism of such model proteins. Analyses based on the coupling of experimental and simulated data reveal the origin of the two different folding steps: The two-step process is due to two intermediates that can be formed in parallel: either beta strands 1 ? 2 form a turn first, beta strands 2 ? 3 do it first (Fig. 9a, b) . A trap where beta strands 1 ? 3 pair up first and have to unpair again was also observed. Thus, the protein tries out all the possible antiparallel arrangements of the three beta sheets before settling into the native structure, which has the lowest free energy. Although loop 1 is usually the rate-limiting steps, the experiment/theory study shows that other combinations are also possible. It is fascinating that how such a simplistic folding model can reveal the subtle details and multiple pathways that the protein takes to reach the native folded form (Fig. 9c) , as envisioned by the funneled energy landscape theory [41, 65] . The main conclusion from these studies is that pressure as a mild perturbant makes it possible to trace intermediate structures which might provide better insights about the mechanism of folding and on the quality of force fields used in MD simulations. It has by now been shown [60, 66] that proteins can be refolded completely after pressure jumps on the computer, joining equilibrium [24, 67, 68] and temperature jump simulations [25, 69] .
Ubiquitin (a model for proteins under tension)
Finally, we move to the bottom of the phase diagram in Fig. 2 , where the pressure is negative, that is, hydrostatic tension is applied to the protein. Strictly speaking, a liquid under tension is in a thermodynamically metastable state, as nature abhors a vacuum. Our example will be ubiquitin.
The aptly named ubiquitin is present throughout the eukaryotic cell and exists as both monomer and polymer, with functions ranging from proteolysis and cell cycle regulation to embryogenesis [70] [71] [72] [73] [74] [75] [76] . Depending upon the [58] number of ubiquitin attached to a target protein, its specific fate will be decided (Fig. 10) . Monoubiquitination is known to have connections to membrane protein endocytosis pathways, and a role in regulation of cytosolic protein localization [71] . On the other hand, polyubiquitination plays a vital part in degradation of misfolded or misbehaved proteins by the proteasome [77] [78] [79] . Polyubiquitin acts as a tag that signals the proteasome to chop up the protein to which it has been attached [79] .
Tension can be attained in bulk aqueous solution by using Berthelot's method [81] . Briefly, the protein solution is put in a sealed tube leaving a small solvent vapor bubble. When the tube is heated, the bubble disappears because the liquid expands faster than the tube. When the tube is cooled, the bubble does not reappear because the liquid sticks to the tube walls. The liquid is now under tension at a density lower than its normal equilibrium state. For example, water can be stretched to densities well below 1 g/cm 3 , corresponding to a pressure below -1000 atm [82] . Eventually, if the tube is cooled too much, the liquid forms a bubble again and the pressure returns to ambient pressure.
In a study of ubiquitin under tension, proton NMR experiments were conducted at 1 bar and under tension to monitor the thermal stability of ubiquitin. By monitoring the relative concentrations of unfolded and folded ubiquitin by the histidine NMR method illustrated in Fig. 5 , ubiquitin was shown to be destabilized under tension as shown by the peak ratios in Fig. 10 . Panel A shows the protein at 'physiological' pressure, where the fraction of folded protein is just slightly larger than 50 %. In panel B, under a hydrostatic tension of -140 atm, the fraction of folded protein is less than 50 % under otherwise identical conditions. These experimental observations were again supported by MD simulations, which showed that the free energy of the folded protein indeed switches from negative to positive as tension is applied, causing the protein to unfold (Fig. 11) [18] . Strangely, the outcome of the P-T phase diagram obtained from the MD simulations suggests that at extremely high tension, there exists an 'island of stability' where the free energy turns over towards negative values again. Presumably, low-density cavities in the solvent water under tension favor folded protein inside of them.
In summary, all areas of the phase diagram have been explored in studies of small and fast-folding proteins. It is now possible to complement the experiments with computer simulations and make a stronger connection to residual structure in the unfolded state, structure of intermediates that form during folding, and structural fluctuations of the native state that may be functionally relevant.
Folding in the living cell
Cells have many ways in which they can potentially modulate the function of their proteins: through suppression of transcription [83] , interference with mRNA [84] , different post-translational modifications [85, 86] , as well as protein transport, storage and degradation [87] [88] [89] [90] [91] . Often neglected is the ''quinary structure'' [13] discussed in the introduction: The cell is a highly crowded environment, and crowders exclude volume but can also interact with proteins (crowders include tRNA, other proteins, osmolytes, complex carbohydrates, microtubules and other large organelles for example). The cell is also a spatially and temporally heterogeneous environment (e.g., different compartments, cell cycle variations). Finally, cells are subject to variations in temperature, pressure (osmotic or hydrostatic), and solute concentrations. All these effects together can alter protein stability and function, and could be used by cells to control protein stability and function in more subtle ways than protein synthesis and degradation [92] . An important consequence of the relatively low stability of proteins is that they can unfold and then refold many times inside a cell, not just fold once when they come out of the ribosome [93, 94] . A typical protein has a folding equilibrium constant in the range of only 100-10,000, and is therefore unfolded 0.1-1 % of the time. A protein thus can spend minutes of a typical weeklong functional lifetime folding and unfolding over and over again inside the cell. Transient unfolding of cellular proteins is not necessarily a bad thing: it provides the cell an additional regulatory handle for protein degradation.
The inside of the cell is an environment that is highly evolved to facilitate folding, compared to aqueous buffer in vitro. Unfolding-refolding experiments inside cells have shown much higher refolding yields than in vitro for some proteins [95] , and chaperones could play a role in facilitating quick refolding when a protein has become unfolded [96] . Chaperones come at a massive ATP cost, and the interior of the cell may also be conducive to refolding in more passive and energy-efficient ways (e.g., osmolytes such as TMAO), for example.
It is now becoming possible to analyze protein folding inside cells subject to stress, such as osmotic pressure [97] . Single-molecule fast protein folding experiments in cells have also become possible, thanks to dye labels with high performance in the red or near-infrared, where auto-fluorescence of natural cell components interferes minimally with detection [98] . Protein stability and folding kinetics can even be studied as a function of cell cycle [99] .
An example is shown in Fig. 12 [99] . The protein PGK, which has multiple folding steps ranging from 20 ms to min, is an enzyme that catalyzes ATP formation. When labeled with fluorescent proteins for in-cell detection, a destabilized mutant of PGK shows a clear unfolding signal when the temperature is raised above 40°C. The signal depends on the cell cycle: when the cell is dividing (red curve in Fig. 12 ) the cytoplasmic environment somehow changes to make the protein several°C more stable. During interphase (the normal metabolic state), PGK is less stable. At just the right temperature (*40°C), PGK will unfold and refold as a function of cell cycle even at constant temperature (black arrow). For this enzyme, this is not an issue (the wild type is quite a bit more stable than the mutant), but for signaling or cell control proteins that have partly or fully disordered 'structure' [100] , such folding/ unfolding could lead to timing control over protein function.
In that spirit, we remind the reader of Fig. 1 : RfaH C-terminal domain completely changes its secondary structure when crowded by its adjacent domain. And the protein lymphotactin is a GPCR-binding chemokine that rearranges into a glycosaminoglycan binder when the temperature is tuned across 37°C [101] . These are examples where small perturbations completely reshape a protein's structure and therefore function. The cell exerts such effects, ranging from the subtle to these two obvious examples, on its whole proteome.
Outlook
The fate of proteins is closely related to our health, and that of all animals and plants. While some malfunctions, such as congenital mutants that turn off or hyper-activate protein function, are very obvious, others may be caused by a much more subtle loss of control of the cell over its proteome. Fast-folding proteins are very useful probes of such subtle malfunction during folding because experiments can be compared directly with all-atom simulations. With single-molecule experiments inside cells now pressing into the sub-millisecond range, such experiments can also be extended to the cell. The good news for simulation is that all-atom simulations are not necessarily much more expensive for the cellular milieu than for aqueous solution; representing the other cellular components that influence a protein via ''quinary interactions'' do not require more atoms than representing the ubiquitous water molecules, but it results in a much richer and more complex system than a simple aqueous buffer. 
